The intestinal microbiota and insulin sensitivity are rapidly altered in response to a high fat diet 29 (HFD). It is unclear if gut dysbiosis precedes insulin resistance or vice versa. The initial triggers 30 of diet-induced insulin resistance can differ from mechanisms underlying chronic dysglycemia 31 during prolonged obesity. It is not clear if intestinal dysbiosis contributes to insulin resistance 32 during short-term or long-term HFD-feeding. We found that diet-induced changes in the 33 composition of the fecal microbiome preceded changes in glucose and insulin tolerance at both 34 the onset and removal of a HFD in mice. Dysbiosis occurred after 1-3 days of HFD-feeding, 35 whereas insulin and glucose intolerance manifested by 3-4 days. Antibiotic treatment did not 36 alter glucose tolerance during this short-term HFD period. Conversely, antibiotics improved 37 glucose tolerance in mice with protracted obesity caused by long-term HFD feeding for over 2 38 months. We also found that microbiota transmissible glucose intolerance only occurred after 39 prolonged diet-induced dysbiosis. Germ-free mice had impaired glucose tolerance when 40 reconstituted with the microbiota from long-term, but not short-term HFD-fed animals. Our 41 results are consistent with intestinal microbiota contributing to chronic insulin resistance and 42 dysglycemia during prolonged obesity, despite rapid diet-induced changes in the taxonomic 43 composition of the fecal microbiota.
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Using phylogenetic investigation of communities by reconstruction of unobserved states 141 (PICRUSt), our results showed that short-term HFD-feeding altered the predicted metagenome 142 and that a 45% and 60% HFD had similar effects. In comparison to the feces from chow-fed 143 mice, LDA (Linear Discriminant Analysis) Effect Size (LEFSe) analysis resulted in significant 144 LDA scores for environmental processing, cellular processes, human diseases and metabolism 145 after 3 days of feeding 45% HFD or 60% HFD (Fig. 2F, G) . We previously showed that 12 146 weeks of HFD-feeding decreased the PICRUSt-predicted genetic capacity of the fecal microbiota 147 for metabolism and increased the predicted genetic capacity related to environmental information 148 processing 16 . Here, our results after LEfSe analysis show that 3 days of feeding either a 45% or 149 60% HFD promoted discordant effects on PICRUSt-predicted metabolism and environmental 150 information processing pathways in the fecal microbiota ( Fig 2F, G) . Specifically, we found that 151 3 days of HFD feeding caused an increase in the predicted genetic capacity for metabolism and a 152 decrease in environmental information processing (Supplemental Table 1 ). Therefore, short-term 153 HFD-induced effects on predicted genetic capacity for metabolism and environmental 154 information processing were opposite to those during long-term HFD feeding.
156
We next analyzed glucose tolerance and microbiota composition after short-term removal of the 157 HFD and replacement with a chow diet by feeding mice a 60% HFD for 14 days, then switching 158 the mice to a chow diet for 2 days (i.e. Day 16) ( Figure 3A ). Despite HFD removal, the mice 159 previously fed 60% HFD remained glucose intolerant and still had higher body mass when 160 compared to age-matched chow-fed mice ( Fig. 3B, C) . The Bray-Curtis similarity matrix showed 161 that the bacterial community was different 2 days after removing a 60% HFD ( Fig. 3D ). When 162 compared to 14 days of HFD-feeding, this similarity matrix showed that only 2 days of returning 163 8 mice to a chow diet after 14 days of HFD-feeding resembled the difference seen in mice 164 continually fed a chow diet for 14 or 16 days ( Fig. 3D ). Average phylum level changes in the 165 feces of mice fed a chow diet or a 60% HFD and removal back to chow for 2 days are shown in 166 Figure S3A . At the phylum level, 14 days of HFD-feeding equated to a higher 167 Firmicutes/Bacteroidetes ratio compared to chow-fed mice, but replacing the HFD with a chow 168 diet for 2 days resulted in a lower Firmicutes/Bacteroidetes ratio to a level that was similar to 169 mice continually fed a chow diet for 14 or 16 days ( Fig. 3E ). Removing the HFD for 2 days also 170 restored HFD-induced changes in the relative abundance of Firmicutes and Bacteroidetes, but 171 not Verrucomicrobia ( Fig. 3F) . At the genus level, many of the same changes observed after 7 172 days of HFD were also evident after 14 days of a 60% HFD ( Fig. 3G, S3B ). A notable exception 173 was Akkermanisia, which was lower after 14 days of 60% HFD-feeding ( Fig. 3G ). Replacing the 174 HFD with a chow diet for 2 days reduced the abundance of Lactococcus and increased members Antibiotics attenuate glucose intolerance caused by long term, but not short term HFD 183 We next used antibiotics to mitigate diet-induced changes in the microbiota in order to test if 184 short-term changes in microbes correspond with altered glycemia. We have previously 185 established an antibiotic cocktail that causes profound changes in the gut microbiota and 186 9 attenuates insulin resistance after prolonged HFD-feeding 17 , which has also been described by 187 others 11 . The conditions for this experiment were based on our results showing that 4 days of 188 HFD-feeding is sufficient to cause glucose intolerance ( Fig. 1B) . Mice were treated with 189 antibiotics (0.5 g/L neomycin and 1.0 g/L ampicillin in the drinking water), which commenced 3 190 days prior to feeding a 60% HFD and continued for 4 days of HFD feeding ( Fig 4A) . This 7 day 191 antibiotic treatment did not prevent glucose intolerance ( Fig 4B) or hyperglycemia ( Fig 4C) 192 induced by feeding a 60% HFD for 4 days. Despite a small reduction in body mass ( Fig 4C) , 193 antibiotics did not prevent increased adiposity or cause a change in fat mass during this short-194 term HFD-feeding ( Fig. 4D ). We next used this same antibiotic regimen to change the 195 microbiota of mice fed a HFD for a longer period of time. Mice were fed a 60% HFD for 13 196 weeks followed by 7 days with or without antibiotics ( Fig 4E) . HFD-fed mice that received 197 antibiotics showed improved glucose tolerance ( Fig 4F) and lower fasting blood without changes 198 in body mass ( Fig. 4G ). Overall, these results show that changing the microbiota with a specific 199 antibiotic cocktail attenuated glucose intolerance and hyperglycemia after long-term, but not 200 short-term HFD-feeding.
202
Microbiota from long-term, but not short-term HFD-feeding is sufficient to promote 203 glucose intolerance 204 We next reconstituted germ-free mice to test if short-term HFD-induced changes in the 205 microbiome are sufficient to promote dysglycemia. We first tested the cumulative effect of short-206 term diet-induced changes in microbiota over the first 6 weeks by continually exposing chow fed 207 germ-free mice to the feces from donor mice fed a 60% HFD or chow diet ( Fig 5A) . Germ-free 208 mice that received daily feces from 60% HFD mice or chow fed mice had similar glucose 209 10 tolerance, fasting blood glucose, and percent body fat on day 4 ( Fig 5C) and day 14 (data not 210 shown) after microbiota reconstitution. However, after 45 days of microbiota reconstitution 211 germ-free mice that received feces from 60% HFD mice were more glucose intolerant and had 212 greater % body fat than those that received feces from chow fed mice (Fig. 5D ). Phylum the beta diversity of the microbiota ( Fig 5F) . Specifically, ingesting a 60% HFD or receiving 217 donor feces from mice fed this HFD altered the composition of the microbiota compared to a 218 chow fed mouse ( Fig 5F) . Of note was the lack of transfer of Lactococcus from HFD donor mice 219 to GF chow mice. This suggests that Lactococcus is present in the diet and not a major 220 contributor to the observed metabolic phenotype. We also collected the feces from mice fed a 221 60% HFD for 4 days or a chow diet in order to specifically test repeated oral gavage of fecal 222 slurry from this short term HFD. Germ-free mice that were gavaged (every 4 days) with the fecal 223 slurry from HFD-fed or chow fed donor mice showed no difference in body mass, percentage 224 body fat, glucose tolerance or insulin tolerance when tested on day 4 or day 25 after 225 reconstitution (data not shown).
227
Finally, we reconstituted germ-free mice with the feces from donor mice that had been on a HFD 228 for over 2 months and tested the effects on glycemia ( Fig 6A) . Mice that were used as microbiota 229 donors were fed a chow or 60% HFD for 4 weeks prior to the experiment in order to discern if 230 long term exposure of donor or recipient mice was the driver of changes in glycemia. Germ-free, 231 recipient mice that were all fed a chow diet, but received daily feces from chow-fed or HFD-fed 232 donors, had similar body mass, percentage body fat, and glucose tolerance when tested on day 4 233 ( Fig 6C) or day 18 (data not shown) after reconstitution. However, recipient mice had increased 234 glucose intolerance without changes in adiposity when tested 45 days after reconstitution with 235 the microbiota from long term, HFD-fed donor mice (Fig. 6D ). Phylum ( Fig 6B) Fig 6F) . These results show that the microbiota from long-term HFD feeding is sufficient 241 to promote glucose intolerance when chow-fed mice are exposed to this dysbiosis for over a 242 month (i.e. 45 days), but not for shorter duration such as 4 or 18 days. We fed mice with two commonly used HFD and tracked the timing of taxonomic changes in the 255 fecal microbiota versus the onset of glucose intolerance and changes in adiposity. It was known 256 that HFD-feeding induces obesity and alters the gut microbiota. However, it was still not clear if 257 diet-induced changes in the microbiota precede glucose intolerance or vice versa. We found that 258 both a 45% and 60% HFD rapidly altered the constituents of the microbiota, which preceded 259 overt changes in glucose tolerance in mice. Consistent with previous reports, we found that the 260 fat content of the diet related directly to the magnitude of changes in microbial taxonomy 14 . We 261 showed that these changes in the composition of the microbiota (and dietary fat content) directly 262 related to the magnitude of glucose intolerance. We then showed that removal of the HFD, back 263 to a chow diet (for only 2 days) caused a rapid reversion of the fecal microbiota such that many 264 taxonomic markers resembled those of mice continually chow fed mice, an effect that is also 265 consistent with previous findings in mice 14 . We extended these findings by showing that mice 266 were still glucose intolerant after two days of replacing a HFD with a chow diet. We found that 267 diet-induced changes in the constituents of the fecal microbiota precede and predict the 268 magnitude of glucose intolerance in mice. Overall, our results are consistent with a model where 269 the presence of a HFD is the major factor influencing changes in fecal microbiota composition, 270 rather than insulin resistance altering the microbiota. We also showed that the first 3 days of a Subsequently, we used antibiotic treatment and reconstitution of germ-free mice to determine if 278 diet-induced dysbiosis contributed to acute or chronic glucose intolerance. We also wanted to 279 test if the rapid diet-induced dysbiosis caused features of prediabetes that were dependent on 280 increased adiposity. It was already known that the constituents of the intestinal microbiota are 281 altered in obesity and this dysbiosis can contribute to increased adiposity 8,9 . Our data showed 282 that microbiota contributed to glucose intolerance, independent of changes in adiposity. In these 283 experiments, we found that only long-term dysbiosis contributed to glucose intolerance. Despite 284 rapid diet-induced changes in the constituents of the microbiota, we found no evidence of 285 dysbiosis contributing to short-term HFD-induced glucose intolerance. Our results question the 286 utility of using fecal microbial taxonomy as a biomarker for glucose intolerance during diet-287 induced obesity. Microbial function may be more important. We actually found that short term 288 HFD feeding (for 3 days) altered the exact same predicted metagenomic annotations of 289 metabolism and environmental information processing, which we have reported during long-290 term HFD feeding in mice 16 . However, short term HFD feeding affected these pathways in the 291 opposite direction compared to long-term HFD feeding. Investigation of diet-induced changes in 292 microbial function compared to taxonomy is warranted and it may be more useful to measure 293 microbial-derived metabolites that can alter insulin resistance 18 .
295
Our results provide insight into the mechanism of dysbiosis-driven changes in glucose tolerance. 296 It has previously been shown that metabolic inflammation contributes to insulin resistance and 297 glucose intolerance during prolonged, but not short-term HFD-feeding 15 . Our results are 298 consistent with microbiota contributing to glucose intolerance through metabolic inflammation Microbial Ecology (QIIME). QIIME and R scripts were used to calculate beta diversity using the 339 Bray-Curtis dissimilarity and principal coordinate analysis, as previously described 22 .
340
PERMANOVA were used to assess partitioning of variance in microbial communities with the 341 adonis function from the vegan package in R 23 . Phylogenetic investigation of communities by 342 reconstruction of unobserved states (PICRUSt) was used to predict the metagenome functional 343 content from 16S rRNA gene data and group these into KEGG pathway maps, as described 16 .
344
The LDA (Linear Discriminant Analysis) Effect Size (LEfSe) algorithm was used to identify 345 16 differences in abundance of PICRUSt annotated pathways, where an LDA cut-off score of 2.0 346 and P value of 0.05 were used 25 . Sequencing characteristics are in Supplemental Table 1 .
348
Statistical analysis: An unpaired, two-tailed Student's t-test was used to compare two groups.
349
ANOVA and Tukey's post hoc analysis was used to compare more than two means. 
